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Kinetics of YBa 2Cu3O7 film growth by postdeposition processing
Vyacheslav F. Solovyov,a) Harold J. Wiesmann, Li-jun Wu, Yimei Zhu,
and Masaki Suenaga
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973

~Received 8 July 1999; accepted for publication 8 February 2000!

The ex situgrowth of thick textured YBa2Cu3O7 films on SrTiO3 substrates was investigated in
order to find the factors, which influence growth kinetics. It was found that the growth rate of
YBa2Cu3O7 films remains constant during heat treatment and is proportional to the square root of
the H2O partial pressure in the processing atmosphere. Using transmission electron microscopy, we
observed that the growth of the YBa2Cu3O7 films proceeds from a thin,;7-nm-thick, layer of liquid
located at the growth front. Chemical analysis of this layer and the adjacent material suggests that
decomposition of an oxifluoride compound in the precursor film occurs at the liquid layer-precursor
film interface. The rate of this decomposition reaction defines the growth rate of YBa2Cu3O7. Using
a simple model we show that rate of this reaction is limited by the out-diffusion of the
decomposition product HF. ©2000 American Institute of Physics.@S0003-6951~00!03014-X#
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The development of YBa2Cu3O7 ~YBCO! coated tapes
on a flexible textured metallic substrate has gained sign
cant attention.1,2 Recently, it has been demonstrated that p
cursor films grown by vapor deposition can be fabrica
into 2–5-mm-thick textured YBCO films on SrTiO3, usingex
situ processing,3,4 with Jc of .23105 A/cm2 at 1 T ~perpen-
dicular field! at 77 K.5,6 This translates to approximatel
106 A/cm2 in self-field. Somewhat worse, but still encoura
ing results were obtained for 5mm YBCO on ~RABITS!
substrates withJc50.73105 A/cm2 at 77 K and 1 T,Hic.7

The ex situ process, also known as the BaF2 process,
consists of preparing a precursor film, a mixture of fine gr
Y, Cu, and BaF2 in the correct stoichiometric ratio and su
sequently processing the film in a controlled-atmosphere
nace to convert it to ac-axis textured YBCO film. As de-
scribed previously in greater detail,5 the precursor films were
deposited by the evaporation of Y and Cu using elect
beam guns and by thermally evaporating BaF2. The deposi-
tion rate was;14 nm/s as calculated from the thickness
the processed YBCO films and polished@100# SrTiO3 were
used for the substrates. The processing was performed
quartz tube and the processing atmosphere was synthe
by mixing certified gases using electronic mass flow cont
lers. The humidity of the reaction atmosphere was contro
such that water vapor partial pressure varied from 25 to
Torr. After processing the completed films were anneale
500 °C in one atmosphere of pure oxygen for1

2 h in order to
fully oxygenate the YBCO.

In order to quantify the YBCO growth rate during theex
situ processing of the precursor films, the film electrical co
ductance was measured while the heat treatment wa
progress. Since crystalline YBCO is highly conducting co
pared to the precursor, which is an insulator, the conducta
of the film increases sharply as soon as the YBCO la
begins to form. During growth the conductance,s(t), in-
creases in proportion to the YBCO thickness and beco
constant when the conversion reaction is complete. The

a!Electronic mail: solov@sun2.bnl.gov
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interpretation is straightforward: the linear time depende
of s(t) is due to the constant synthesis growth rate
YBCO. The plateau region indicates completion of the p
cess, with the insulating precursor having been fully co
verted to YBCO.

The conductance versus processing time of 3-mm-thick
YBCO films, processed at three different oxygen part
pressuresPO2

, is shown in Fig. 1. The YBCO growth is see

to be nearly linearly proportional to the period of heat tre
ment as has been previously observed in the reaction
chemically derived precursor films.4,8 It is also evident from
Fig. 1 that the processing time, which we define as the cro
over from the linear region of thes(t) curve to the plateau
does not depend on the oxygen partial pressure. That is
growth rate for all three films is approximately equal. T
square root of the growth rate versus water vapor pres
for seven YBCO films processed at 735 and 800 °C,PO2

5100 mTorr is shown in Fig. 2. This data set is composed

FIG. 1. Variations in the conductance of 3-mm-thick YBCO films grown at
different O2 partial pressures are presented. Note that the conductance
three films increases almost linearly and reaches a plateau after 8 h of
processing. This demonstrates that the YBCO growth rate is independe
the O2 partial pressure.
1 © 2000 American Institute of Physics
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3 and 5-mm-thick films and demonstrates that the growth r
of the YBCO films is proportional to the square root of t
H2O partial pressure in the processing atmosphere.

A cross-sectional transmission electron microscopy
crograph of a 3-mm-thick film is shown in Fig. 3. The film
was removed from the furnace when the measured valu
the conductance indicated that it was half processed.
micrograph reveals that the film consists of three region
c-axis oriented YBCO layer, a very thin;7 nm amorphous
layer, and untransformed material consisting of CuO gra
and an oxifluoride compound. This is shown in Fig. 3~a!
except for the CuO grains. Chemical analysis of these lay

FIG. 2. The dependence of the YBCO growth rate on square root of2O
partial pressure is shown for 3 and 5-mm-thick films processed at two dif-
ferent temperatures: 800 and 735 °C. This demonstrates the square ro
pendence of the growth rate on the H2O partial pressure. Solid lines repre
sent a square root dependence.

FIG. 3. ~a! Transmission electron microscopy image of a half processed
demonstrating the presence of a thin;7 nm thick amorphous region sepa
rating the transformed precursor and the YBCO growth front.~b!,~c! EELS
spectra from the precursor and the amorphous regions are compared.
that both regions show the spectra for oxygen and Ba but the spectrum
was not seen in the amorphous region suggesting that the decomposit
the fluoride takes place at the precursor-amorphous interface. The incre
noise in the EELS signal for the amorphous layer as compared to the
cursor material is due to the need for a smaller electron beam.
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by electron energy loss spectroscopy~EELS! and energy dis-
persive x-ray spectroscopy, revealed the following:~1! The
fluorine content in the precursor material adjacent to
amorphous layer, Fig. 3~b!, was approximately equal to tha
of the precursor films prior to processing.~2! The fluorine is
contained in an oxifluoride compound~Y–Ba–O–F! with a
face-centered-cubic structure and a lattice parameter
close to that of BaF2 as determined by electron diffractio
analysis.~3! As shown in Fig. 3~c! there was no detectabl
fluorine in the amorphous~liquid! layer.

This suggests that the chemical reaction for the deco
position of the precursor material and the formation
YBCO can be written schematically as

Y2O31CuO1BaF2→CuO1~Y–Ba–O–F!, ~1a!

CuO1~Y–Ba–O–F!1H2O→~Y–Ba–Cu–O!~liquid!12HF,
~1b!

~Y–Ba–Cu–O!~liquid!→YBa2Cu3Ox . ~1c!

In order to better understand the kinetics of the grow
of YBCO in this process, particularly the observed squ
root dependence of the growth rate upon the partial pres
of H2O, we proceed with the following assumptions. T
YBCO growth rate is limited by the decomposition of th
oxifluoride compound and the relevant chemical equilibriu
is reaction ~1b! given earlier. It is also assumed that th
YBCO growth rate is independent of the oxygen partial pr
sure during processing. This is supported by the data in
1. Taking into account the slow YBCO growth rate the rea
tion is assumed to be only slightly shifted from equilibriu
and standard chemical equilibrium theory can be applied

If reaction ~1b! is characterized by equilibrium consta
K, then the partial pressures of H2O and HF at the precursor
liquid phase interface,pH2O

i andpHF
i , are given by

pHF
i /~pH2O

i !1/25K, ~2!

where the superscript ‘‘i’’ denotes the partial pressure at th
interface. We also assume there is no absorption or relea
HF or H2O in the precursor and that the gradients of t
partial pressures,p, across the precursor thickness are co
stant~linear isotherms!. Then, the fluxes for H2O and HF at
the interfaces,FH2O andFHF, respectively, are expressed

FH2O5DH2O~pH2O
s 2pH2O

i !/d, ~3!

FHF5DHF~pHF
s 2pHF

i !/d, ~4!

where the superscript ‘‘s’’ designates the partial pressure
the surface of the film andd is the thickness of the remainin
precursor material.DH2O andDHF are the diffusion constant
~cm2/s! for H2O and HF and are defined asD5P/S whereP
is the permeability~moles/Torr cm s! and S is the solubility
~moles/Torr cm3!. The pressure is given byp5C/S whereC
is the concentration~moles/cm3! in the precursor material.9

The partial pressure of HF at the film surface is assume
be much less than the HF partial pressure at the interface
is set equal to zero, i.e.,pHF

s 50. The YBCO growth rate,
GYBCO, is proportional to the rate of the decomposition
the Y–Ba–O–Fcompound which is in turn is controlled b
the flux of H2O or HF. From Eqs.~2!–~4! we find
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GYBCO}FH2O

522FHF

52KDHF~Ap* 1pH2O
s 2Ap* !/d, ~5!

wherep* 5(DHFK/DH2O)2. Consider the following limiting
cases of Eq.~5!
~a! pH2O

s !p*

GYBCO}
DH2O

d
pH2O

s ~6!

~b! pH2O
s @p*

GYBCO}
2KDHF

d ApH2O
s . ~7!

In the first case the water vapor pressure is low and
reaction rate at the interface is limited by the supply of wa
The growth rate depends linearly upon the diffusion cons
for water,DH2O, and the water vapor partial pressure,pH2O

s .

In the second case the water vapor pressure is high en
so that the removal of HF limits the interface reaction a
subsequent growth rate. For the experiments reported
the growth rate of YBCO is proportional to the square root
the water partial pressure in the processing atmospher
shown in Fig. 2. We conclude therefore that the water va
pressures used, 25–200 Torr, are high enough to satisfy
second case. The growth rate is also proportional to the e
librium rate constantK for the decomposition of the fluorid
and the HF diffusion constant,DHF. This suggests method
for increasing the YBCO growth rate. For example it may
possible to increaseDHF by altering the chemical makeup o
the precursor material or affecting the microstructure of
precursor film. Faster growth rates than presented here
been achieved in a similar process involving a chemica
derived precursor.8 These precursor films are known to b
highly porous perhaps allowing easier out-diffusion of HF

One difficulty with this analysis is that the growth rate
inversely proportional to the thickness,d, of the unreacted
precursor film. This thickness,d, decreases as the YBCO
film grows and the model presented should take into acco
a moving boundary. This then predicts the growth of a fi
being proportional to a square root of the processing time
e
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contrast to the observed linear time dependence ofs(t).
Here, we speculate on possible sources of this contradic
One possibility is that the precursor film is infused with pe
colating channels separated by an average distancedch. The
density and cross-sectional area of the channels need on
sufficiently large that the gas-phase diffusion of water a
HF in the channels is much faster than their diffusion in t
precursor. In such a case, one can show that the perti
diffusion distance is the approximate distance between
channels,dch. Then Eqs.~3! and ~4! are still valid with d
replaced by;dch and the growth rate Eqs.~5!–~7! remain
the same with the precursor film thicknessd replaced by
;dch. In such a model, the growth rate becomes const
Another possibility is that the gas-phase diffusion of HF
the film surface, rather than solid-state diffusion in the p
cursor, controls the growth rate. In this case the growth r
will obviously be independent of the thickness of the fil
and remain constant for the duration of the heat treatm
These possibilities will be further investigated in order
clarify the limiting mechanism for the growth of a YBCO
layer in thisex situreaction process.
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